Shot noise of a multiwalled carbon nanotube field effect transistor 
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We have investigated shot noise in a 6-nm-diameter, semiconducting multiwalled carbon nanotube 
FET at 4.2 K over the frequency range 600 - 950 MHz. We find a transconductance of 3 - 3.5 
for optimal positive and negative source-drain voltages V. For the gate referred input voltage noise, 
we obtain 0.2 and 0.3 jUV/-\/Hz for V > and V < 0, respectively. As effective charge noise this 



corresponds to 2 — 3 • 10 e/vHz 
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Semiconducting single-walled carbon nanotubes have 
been shown to provide extraordinary field effect tran- 
sistors (FET) jlj, i2] in which the modulation of Schot- 
tky barriers is often an important factor S 0. In- 
trinsic performance limits of these devices due to the 
mobility of charge carriers have been investigated re- 
cently IS fl 0) Transconductanccs up to 
— = 8700/iS//xm, relating the change in drain- 
source current Ids to gate voltage Vg, have been reported 
in SWNTs on top of a high-K material (SrTiOa) JJJ. It 
has been shown experimentally that gm increases as (jy^ 
with the tube diameter cj) TiJ]. This, however, takes place 
at the expense of a reduced energy gap, which sets an up- 
per limit for the diameter of room temperature devices. 

Another important issue for typical FET applications 
is the noise power generated by the device. Here we are 
interested in the uncoupled noise performance, the under- 
standing of which is a prerequisite for the proper noise 
minimization with a finite source impedance. In general, 
the low-frequency current noise S{u;) — J e^'^* {Si{t)Si{0)) 
in a mesoscopic sample can be written as 



F2e/coth 
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where R is the resistance of the sample, T is tempera- 
ture, F denotes the Fano-factor, and V is the DC biasing 
voltage. The Fano-factor depends on transmission coeffi- 
cients of the transport channels of the sample, as well as 
on inelastic processes causing energ y r elaxation, which 
are known to lower the shot noise The best un- 

coupled performance corresponds to the minimization of 
Sj which yields the minimum equivalent voltage noise 
at the input. Here we present the first experimental de- 
termination of this noise quantity in a semiconducting 
nanotube device. 

In our 4-K measurement setup, IV characteristics and 
differential conductance properties are measured in a reg- 
ular two terminal configuration, supplemented with a 
radio-frequency noise amplification circuitry. Bias-tees 
are used to separate dc bias and the current-dependent 
noise signal at radio frequencies. We use a low-noise, 
cooled amplifier with working frequency range of 600 



- 950 MHz for suppressed 1/f noise. The total gain of 
the amplifier chain amounts to 80 dB (16 dB at 4.2 K) 
and the noise temperature of the whole setup is roughly 
10 K; for detection, we used a zero-bias Schottky diode. 
A switch and a high-impedance tunnel junction are used 
to calibrate the gain and the bandwidth, i.e., we can 
determine the Fano-factor of our CNT samples by direct 
comparison with the noise measured on a tunnel junction 
sample having F — 1. 

We determine the Fano-factor at drain-source voltage 
Vds as 



Sjlds) - S{0) 
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where {^-j^^ represents the differentially measured noise 
using a small modulation voltage of 0.5 mV at 18.5 Hz 
on top of Vds- At large currents, this determination co- 
incides with the ordinary definition of Fano-factor. In 
the intermediate bias region, there will be corrections 
that depend on the ratio of differential resistance to 
Vds/ Ids due to thermal noise coupling, but these correc- 
tions are negligible for the analysis in this paper 14, ,1^ ■ 
Because the sample impedance is not matched to the 
preamplifier, we are able to measure shot noise only at 
currents of / > Ith where FIth must be around 0.01 /lA. 

Our tube material, provided by the group of S. 
lijima, was grown using plasma enhanced growth with- 
out any metal catalyst 16]. The tubes were dispersed 
in dichloroethane and, after 15 min of sonication, they 
were deposited on to thermally oxidized, strongly doped 
Si wafers. A tube of 4— /im in length was located with re- 
spect to alignment markers using a FE-SEM Zeiss Supra 
40. Subsequently, Ti contacts of width 900 nm were made 
using standard overlay lithography: 10- nm titanium layer 
was covered by 70 nm Al in order to facilitate proxim- 
ity induced superconductivity at subkelvin temperatures. 
The length of the tube section between the contacts was 
1200 nm. The electrically conducting body of the silicon 
substrate was employed as a back gate, separated from 
the sample by 100 nm of Si02. The sample was bonded 
to a sample holder with miniature, 6- GHz bias tees using 
25 /im Al bond wires with less than 10 nH of inductance. 
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FIG. 1: (color on line) Normalized differential conductance 
Gd/Go with Go = 2e^/h for our semiconducting sample mea- 
sured at 4.2 K on the gate Vg vs. bias voltage Vds plane: the 
color scale is given by the bar on the right. For the sample 
parameters, see text. 



Differential conductance Gd = for our sample is 
illustrated in Fig. ^in units of Go = 2e^//i. Gd is seen to 
display a roughly linear conductance, on the order of 0.1 
Go, at voltages Vds = -0.1... + 0.1 V and Vg = 1 - 4 V. 
When current is increased to Ids ~ 1 M^, Gd becomes on 
the order of 0.2 Go, which is a typical value for metallic 
PECVD tubes of the same batch. Thus, there is no ob- 
vious difference in conductance between semiconduc ting 
and metallic specimens as observed in SWNT tubes [l3| ■ 

Our nanotube sample is clearly n-type doped initially. 
Looking at Gd{Vds,Vg), we deduce that the charge neu- 
trality point is located around Vg — —1.7V which also 
corresponding to the maximum gap of 0.8 V. Using the 
gate capacitance Cg — 18 aF and total island capaci- 
tance of 0.4 fF (see below), we find that the initial shift 
of the Fermi-level from the charge neutrality point is ap- 
proximatively -0.25 V. This differs substantially from the 
value of +0.4 V that has been reported for MWNTs [l8l |. 
Typically, n-type doping in NTs has been obtained only 
using potassium deposition j2Qj| . 

The capacitance of our backgate was measured by ob- 
serving Coulomb modulation in the range Vg = 2..A Y. 
The measured periodicity of 8.8 mV corresponds to 18 
aF. The island capacitance Gs ~ 0.4 fF was estimated 
using a geometric capacitance of G = 200 pF/m in series 
with a quantum capacitance of similar magnitude along 
the full length 4^m. Owing to local thinning of the 100- 
nm Si02 oxide due to Al wire bonding, we used gate 
voltages only up to ±4 V in our studies. In addition, 
we limited our measurements for currents below 5 jjA 
which is on the same order as typical ON-state current 
in SWNT devices. 




FIG. 2: Transconductance Qm as a function of bias Yds and 
gate voltage Vg. 

The model, that we employ to account for our basic 
findings, has been proposed and discussed in Ref. [2l| . 
There it was conjectured that owing to band pinning at 
the metal-nanotube interfaces, small quantum dots are 
formed at the ends of the nanotube when the tube is 
strongly doped by the gate voltage. In our case, this is 
corroborated by the appearance of another (quasiperi- 
odic) gate modulation in the range Vg = —0.6... — 4 V. 
This gate period changed from AVg = 0.13 V at ~ — 1 

V to AVg = 0.18V at Vg 2.5. The size of the period 

is in accordance with the findings in Ref. [21I while the 
increase in AVg in our data reflects a decrease in the dot 
size as Vg becomes more strongly negative. 

The expected gap for a semiconducting tube of diam- 
eter = 6 nm is approximatively Vgap = 0.14 V If 
the extra width of the gap were due to the quantum dots 
at the ends of the tube, their capacitance would be about 
1 aF, i.e < 10 nm in length. Room temperature measure- 
ments indicate that the gap indeed is composed of a few 
smaller components, but we cannot exclude the possibil- 
ity that, at some large gap value, the tube is broken into 
more than three quantum dots. 

In CNT-FETs, the signature of charge carrier freeze- 
out in Ids vs. Vg sweeps is the appearance of a threshold 
voltage, related to current by the form /J^ oc Vg — Vth 
[ll|. Using this form, we obtain Vth — 0.25U for the 
pinch-off. When lowering the gate voltage towards Vthi 
the small voltage IV curves change from linear to more 
and more power-law-like: in the range Vg = IV.. .Vt^,, the 
exponent varies from 1 to 3 (in Fig. ^ the exponent of 
Gd varies from to 2, respectively). 

Measured transconductance around the pinch-off re- 
gion is displayed in Fig. 12 The largest magnitude of 
transconductance is roughly equal at positive and neg- 
ative bias: ~ 3 /zS at > and ~ 3.5 /LtS at 1/ < 0. 
At positive bias the optimum is reached in a small region 
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FIG. 3: Current noise S integrated over the frequency range 
600 - 950 MHz. vs. current Ids (a), and the corresponding 
Fano- factor (b). Due to lack of sensitivity, currents below 0.01 
fiA have been cut off from the plot. The bias voltage varies 
over Vds = —1.2 ... V in steps of 0.2 V (from top to bottom 
at Vds > and from bottom to top at Vds < 0) 



of bias values around Yds = 0.37 V and Vg = —0.9 V 
whereas at ^ < the maximum value is obtained on a 
more extended region at Yds < —0.5 V around Vg — 0. 
Fig. I2K illustrates the measured current noise in the 



range Vg = — 1.2... — OV which is right below the pinch-ofF 
of threshold Vth] the corresponding Fano-factor is given 
in Fig. 1213. At large negative bias, and with large pos- 
itive bias at Yg « Vth, the noise can be regarded as 
shot noise from an asymmetric double junction system 
m m, which yields F = (F^ + F2)/(Fi + Fs)^ < 1 
where Fi and F2 refer to tunneling rates in the two tun- 
nel barriers. At small Yds, especially at Yds > 0, the 
measured noise is strongly peaked, and the correspond- 
ing Fano-factor reaches F = 12 at its maximum. This 
behavior may be an indication of noise due to inelas- 
tic co-tunneling as argued by Kouwenhoven and cowork- 
ers in a SWNT quantum dot at small bias '25'|. In our 
case, however, we believe that a more likely explanation 
is due to a bias-dependent fluctuator that modulates the 
transmission at one of the contacts According to 

this model, the peak in the noise vs. current reflects the 
movement of the corner frequency of the Lorentzian fluc- 
tuation spectrum across the frequency band of the mea- 
surement. Initially, the noise increases when the corner 
frequency approaches the measurement band from be- 
low. The decrease at large currents is because the total 
integrated noise over the Lorentzian spectrum is fixed, 
and as the corner frequency continues to grow, the noise 
per unit band has to decrease [2^. Thus, we argue that 
there are bias-dependent fluctuators in metal-nanotube 
systems with tunneling rates in the GHz regime. 

The overall noise characteristics of our device are illus- 
trated in Fig. By multiplying S with l/g^, we may 
convert the measured current noise into voltage noise at 
the gate, which is displayed in Fig. 0Jd. Here we assume 
that the electrical properties of the tube do not change 
with frequency up to 800 MHz, as indicated by the ex- 
periments by Burke and coworkers |2^ . The lowest-noise 
region of operation is marked by A, which is very close to 
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FIG. 4: a) Current noise S over Vg vs. Vds plane, b) Noise 
power of (a) converted into input voltage noise by dividing 
by g^. The region of smallest noise has been denoted by an 
ellipsoid. 



the region of maximum gm- However, since the variation 
of gm is rather slow with Yds and Vg , the optimum noise 
is located at a local minimum of noise power. Note that, 
even though negative bias provides larger g^ and smaller 
Fano-factors, the smallest input equivalent voltage noise 
SVg is found at > 0, because Ids is much smaller at 
optimum regions at > than a.t V < 0. 

At point A, we find SVg = 0.2^V/\/Hz. This input 
voltage noise, in turn, can be converted into charge noise 
at the gate, which yields 5qg = 20 /xe/\/Hz. At negative 
bias, our results are about 30 % worse, i.e. Sqg = 30 



/ie/vHz These values are close to the results obtained 
in RF-SET setups using impedance matching 28]. Note 
that no matching circuits have been employed here and 
that the noise has been measured over a large band of 600 
- 950 MHz. In a RF-SET setup with hundreds of parallel 
set's, a bandwidth of 1 GHz has been achieved, but with 
a limited charge sensitivity of Sqg = 2 me/-\/Hz due to 
a large input capacitance [23|. Thus, our results suggest 
that nanotube FETs based on MWNTs may be employed 
as sensitive charge detectors at high frequencies, rivaling 
the performance of RF-SETs. 

Semiconducting nanotube devices are often described 
in terms of field-effect (FE) mobility jipE = ^ = 

c*Vd W~ '^tis^s C* denotes gate capacitance per unit 
length ^1 . This quantity is employed for the description 
of the "bulk" properties of the tube when the contribu- 
tion from the contacts can be neglected. In our case, even 
though the length of the tube is not extremely large, the 
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FIG. 5: Nanotube current as a function of gate Vg bias voltage 
Vds = +0.135 V (□) and Vds = -0.135 V (o). The inset 
displays a set of current traces on linear scale measured when 
at Vds has been stepped from —0.13 V to 0.13 V by 26 mV 
(from bottom to top). 



resistance of the tube should dominate close to the pinch- 
off of the device. Gate sweeps at Vds — ±0.135 V are 
illustrated in Fig. |31 From the figure we may read at 0.1 
that conductance Ids/Vds changes by decade/250mV 
and by decade/500mV at positive and negative bias, re- 
spectively. This fact that the threshold is sharper at 
Vds > is visible also from the inset of Fig. which dis- 
plays a set of current traces vs. Vg measured with step- 
ping Vds over -0.13 V to 0.13 V. These data at 4.2 K yield 
for the maximum FE- mobility ^fe = 1 m^/Vs which 
falls short by a factor of > 100 from the value extrapo- 
lated for (j) — Q nm using temperature-scaled data of Ref. 

measured above 50 K for SWNTs with 0=1 — 4 nm. 
This discrepancy indicates that our MWNTs are more 
strongly diffusive than typical semiconducting SWNTs. 

In summary, we have presented first noise investiga- 
tions on semiconducting nanotube FETs. We find noise 
behavior that varies between sub- and super-Poissonian 
values. The sub-Poissonian values are consistent with 
double Schottky barrier configuration while the super- 
Poissonian results indicate the presence of two level fluc- 
tuators with bias-dependent switching rates exceeding 1 
GHz. For the input referred noise, expressed in terms of 
charge noise on the gate, we find 2-3-10"^ e/ V^Iz. Thus, 
these devices may challenge regular aluminum-based RF- 
SETs as the ultimate charge detectors. 
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